Well-numbering system: In this report, wells are identified by a well number consisting of three parts:
(1) an abbreviation of the name of the county in which the well is located; (2) a letter designating the 7 1/2-minute topographic quadrangle on which the well is plotted; quadrangles are lettered from left to right across the county beginning in the southwest corner of the county; and (3) a number generally indicating the numerical order in which the well was inventoried. For example, indicates that the well is located in Shelby County on the "J" quadrangle and is identified as well 185 in the numerical sequence.
Wells in Crittenden County, Ark., and DeSoto County, Miss., have well numbers containing the prefixes "Ar" and "Ms," respectively. Well numbers in DeSoto County have suffixes (for example, "A-7") that are the well designations used in Mississippi.
Stratigraphic correlations as interpreted from 227 geophysical logs, selected from a file of more than 500 electric and natural gamma-ray logs, show that the tops of the Memphis Sand and the Fort Pillow Sand are facies-transitional and not easily identified. The upper parts of these formations locally consist of fine sand, silt, and clay similar to lithologies in the overlying Cook Mountain Formation and Flour Island Formation (both Tertiary age), respectively. The bases of the Memphis Sand and the Fort Pillow Sand commonly are distinctly recognizable and seem to overlie erosion surfaces on clay, silt, or fine sand at the tops of the underlying Flour Island Formation and the Old Breastworks Formation of Tertiary age, respectively.
Structure-contour maps showing the altitude of the tops and bases of the Memphis Sand and the Fort Pillow Sand indicate that these units dip westward toward the axis of the Mississippi embayment at rates of 10 to 20 feet per mile. These maps, along with geologic sections, show that in the Memphis area there are many normal faults with vertical displacements ranging from about 50 to 150 feet.
Faults that displace the top of the Memphis Sand in areas where the lower clay layer (Cook Mountain Formation) in the overlying confining unit is thin, locally may have contributed to the formation of "windows" in the confining unit, by exposing uplifted fault blocks to erosion. Faults also may control the shape and size of these windows. The windows are areas where downward leakage of ground water
INTRODUCTION
The U.S. Geological Survey (USGS), in cooperation with the City of Memphis, Memphis Light, Gas and Water Division (MLGW), conducted an investigation from 1990 to 1992 to describe the hydrogeology of the Memphis aquifer and the Fort Pillow aquifer, the principal aquifers in the Memphis area ( fig. 1 ), in more detail than was possible in the USGS Gulf Coast Regional Aquifer-System Analysis (GC RASA) investigations (Parks and Carmichael, 1989, 1990a, b) . The investigation used much of the data collected during the GC RASA investigation and previous investigations in the Memphis area, but it placed emphasis on geologic structure of the principal aquifers and confining units in the Memphis area and its potential effects on the local ground-water flow system. Public concern in recent years has focused on the possibility that the Memphis aquifer, the primary aquifer for the local ground-water public supply, may become contaminated from potential surface or near surface sources. Contaminants from these potential sources could migrate downward and enter the Memphis aquifer in the Memphis area. This migration or movement of contaminants into the Memphis aquifer could be enhanced in the Memphis area by leakage through "windows" in the overlying confining unit that separates the Memphis aquifer from the shallow water-table aquifer (Parks and Lounsbury, 1976; Graham and Parks, 1986; Parks, 1990) .
Purpose and Scope
This report presents the results of an investigation to enhance the understanding of the hydrogeology and geologic structure of the principal aquifers in the Memphis area. The investigation consisted of the interpretation and correlation of geophysical logs and the preparation of structure-contour maps and geologic sections. Emphasis was placed on the identification and location of possible faults in order to determine if faults contribute to the potential for leakage of water and potential contaminants between the shallow water-table aquifer and the Memphis aquifer.
The area of investigation was limited to a 1,500-square-mile area in the vicinity of Memphis, Tennessee. The area includes Shelby County and parts of Fayette and Tipton Counties in Tennessee, parts of Crittenden County in Arkansas, and parts of DeSoto and Marshall Counties in Mississippi ( fig. 1 ).
Previous Investigations
General information about the subsurface geology of the Memphis area has been presented by Schneider and Gushing (1948); Criner and Armstrong (1958); Criner and others (1964) . More recent information on the stratigraphy of the geologic units in western Tennessee, including the Memphis area, has been presented by Parks and Carmichael (1989, 1990a, b) and Parks (1990) .
The possibility that faults are present in the subsurface in the Memphis area has been suggested by several previous investigators. Fisk (1944) tentatively identified fault locations based on surface lineations and indicated a fault with a northwest strike in northern Shelby County. Criner and others (1964) suggested the existence of a fault at the mouth of Nonconnah Creek where the Mississippi River makes an abrupt bend. They also noted as much as 50 feet of displacement of the geologic units at the Lichterman well field. Moore (1965) Stearns and Zurawski (1976) suggested that faults that displace the Tertiary formations probably are common. Parks and Carmichael (1989, 1990a, b) located several faults in the Memphis area based on stratigraphic correlations as interpreted from geophysical logs.
Approach
Geophysical logs from a USGS file of more than 500 electric and natural gamma-ray logs were interpreted and correlated. Most of the geophysical logs were made by the USGS in the Memphis area from the early 1950's to 1992. Although all of the geophysical logs were studied, 227 logs were selected for use as control for preparing the structure-contour maps and geologic sections in this report. Selection of logs was on the basis of well spacing and, when a choice could be made, on the basis of log quality.
Many of the geophysical logs were made in test holes drilled at MLGW and industrial well fields. Through the years, several wells have been drilled at some MLGW well lots to both the Memphis and Fort Pillow aquifers or as replacement wells screened in the Memphis aquifer to about the same or greater depths. Thus, the file contained as many as three logs for test holes on some lots. In addition, lots in MLGW well fields are commonly about 1,000 feet apart, necessitating a further selection of logs based on well spacing for the scale of the structure-contour maps and geologic sections.
In some instances, caving of the walls of test holes made it impossible to run geophysical logs to the total depth of the hole. For these test holes, driller's logs were used as supplemental data in preparing the structure map for the bases of the geologic units.
Geophysical-log correlations for studies of the geology and water resources in western Tennessee (Parks and Carmichael, 1989, 1990a, b) and of contamination of the Memphis aquifer in the Memphis area (Parks, 1990) served as a basis for this investigation. The stratigraphic correlations, made from interpretation of geophysical logs for these studies, were reviewed, revised where needed, and updated with additional data from more recent geophysical logs. Because of the regional scope of the Parks and Carmichael studies (1989, 1990a, b) , a comparatively small number of the geophysical logs available for the Memphis area were used for those studies. However, the structure-contour maps from these reports, showing the location of some faults, provided a structural framework for a more detailed investigation of the Memphis area.
In recent years , MLGW has had deep stratigraphic test holes drilled in the Alien, Davis, Lichterman, McCord, Morton, Shaw, and Sheahan well fields ( fig.l) and in a new well field now (1992) under development. These test holes were drilled through the entire geologic section under investigation. Geophysical logs of these test holes provide information on the strata at greater depths than previously was available for these well fields. This new information made possible a refinement of the previous interpretations of the existence of faults in the Memphis area (Parks and Carmichael 1989, 1990a, b Parks and Carmichael, 1989, 1990a, b; Parks, 1990 Sand, silt, clay, and minor lignite. Consists of a thick body of sand with clay lenses at various horizons. Sand is fine to very coarse. Upper part commonly contains lenses of fine sand, silt, and clay; lower part locally contains lenses of clay as thick as 50 feet Thickest in the western part of the Memphis area; thinnest in the eastern part. The Memphis aquifer the principal aquifer in the Memphis area provides water for most domestic, commercial, industrial, and municipal supplies, including the well fields of Memphis Light, Gas and Water Division.
Clay, silt, sand, and lignite. Not an aquifer. Consists predominantly of clay and silt, but locally contains lenses of fine sand as thick as 50 feet. Serves as the lower confining unit for the Memphis aquifer and the upper confining unit for the Fort Pillow aquifer.
Sand and minor clay. Sand is fine to medium or medium to coarse. Thickest in the southwestern part of the Memphis area; thinnest in the southeastern part. The Fort Pillow aquifer is the second principal aquifer supplying water for the City of Memphis, used by an industry at Memphis, the City of Millington, the U.S. Naval Air Station, and the Shaw well field of Memphis Light Gas and Water Division.
Clay, silt, sand, and lignite. Not an aquifer. Consists predominantly of clay and silt Serves as the lower confining unit for the Fort Pillow Sand, along with the Porters Creek Clay and Clay ton Formation of the underlying Midway Group. 'Frederiksen and others (1982) tentatively placed the Old Breastworks Formation in the Midway Group, but for the purposes of this report, the Old Breastworks Formation of the Wilcox Group is used as defined by Moore and Brown (1969) .
The Memphis Sand and the Fort Pillow Sand make up the Memphis aquifer and the Fort Pillow aquifer. These are the two principal aquifers in the Memphis area providing ground water for most domestic, commercial, industrial, and municipal supplies, including the well fields of MLGW. During 1990, withdrawals totaled about 196 million gallons per day from the Memphis aquifer and about 6 million gallons per day from the Fort Pillow aquifer.
The Memphis area is located in the northcentral part of the Mississippi embayment, a broad structural trough or syncline that plunges southward along an axis that approximates the Mississippi River (Gushing and others, 1964) . This syncline is filled with a few thousand feet of unconsolidated to semi-consolidated sediments that make up formations of Tertiary age and older. In the Memphis area, the Memphis Sand and Fort Pillow Sand of Tertiary age are part of the eastern limb of the Mississippi embayment and dip toward the axis at rates of about 10 to 20 feet per mile (plates 1-4). Faults displace these formations at many places (plates 1-5).
Memphis Sand
The Memphis Sand of Tertiary age is present in the subsurface throughout the Memphis area. It is a thick deposit of fine to very coarse sand with lenses of clay, silt, and lignite at various stratigraphic horizons. The Memphis Sand underlies the Cook Mountain Formation and overlies the Flour Island Formation (table 1). The Cook Mountain Formation, along with the Cockfield Formation and the Jackson Formation, serves as the upper confining unit for the Memphis aquifer, and the Flour Island Formation serves as the lower confining unit.
The structure-contour map of the altitude of the top of the Memphis Sand is shown on plate 1. This map is based on interpretation and correlation of 223 geophysical logs (table 2) . Until recently, the top of the Memphis Sand was interpreted to be the first prominent sand below the confining unit. Parks (1990) modified the definition of the confining unit to include only the interval of sediments between the base of the water-table aquifers (alluvium and fluvial deposits) and the base of the Cook Mountain Formation (table 1) . Parks (1990) recognized that the upper part of the Memphis Sand is a facies-transitional boundary that locally contains thick intervals of fine sand, silt, and clay. During this investigation, the top of the Memphis Sand was identified by correlating the base of the Cook Mountain Formation on geophysical logs.
The altitude of the base of the Memphis Sand is shown on plate 2. This structure-contour map is based on interpretation and correlation of 62 geophysical logs (table 2). Recent regional correlation of the base of the Memphis Sand in the subsurface of western Tennessee (Parks and Carmichael, 1990b) has shown that this boundary is equivalent to the base of the Claiborne Formation as mapped at the surface by Parks and Russell (1975) . At the surface, the boundary between the Claiborne Formation and the underlying Wilcox Formation is an erosion surface with local relief that may be 50 feet or more (Russell and Parks, 1975, p. B28) . In the subsurface of the Memphis area, comparable amounts of relief are indicated at the contact between the Memphis Sand and the Flour Island Formation at a few localities where several test holes with geophysical-log control are closely spaced. For example, at the Shaw well field, relief on this contact may be 60 to 80 feet. The contact between the Memphis Sand and underlying Flour Island Formation commonly is easy to identify on geophysical logs because of the contrast in formation characteristics caused by coarser sand in the lower part of the Memphis Sand and the underlying fine sand, silt, or clay in the upper part of the Flour Island Formation.
Structure-contour maps of the top and base of the Memphis Sand were prepared assuming a relatively constant strike and dip for the formation, particularly where control was sparse. This strike and dip is similar to the regional strike and dip of the base of the Memphis Sand in western Tennessee shown on the structurecontour maps of Parks and Carmichael (1990b) . Accuracy of the structure-contour maps (plates 1 and 2) is estimated to be about one-half a contour interval (25 feet) to one-contour interval (50 feet), depending on the proximity of test holes providing geophysical-log control. These structure-contour maps show an "average" representation of the configuration of these surfaces. Locally contour lines may not strictly honor each control point because facies changes or erosional relief would cause considerable irregularities in the mapped surface. At these places an "average" value was used for control.
Fort Pillow Sand
The Fort Pillow Sand of Tertiary age is present in the subsurface throughout the Memphis area. It consists primarily of fine to medium or medium to coarse sand with minor lenses of clay and silt. The Fort Pillow Sand underlies the Flour Island Formation and overlies the Old Breastworks Formation (table 1). The Flour Island Formation serves as the upper confining unit for the Fort Pillow aquifer, and the Old Breastworks Formation serves as part of the lower confining unit.
The structure-contour map of the altitude of the top of the Fort Pillow Sand is shown on plate 3. This map is based on the interpretation and correlation of 40 geophysical logs (table 2). The top of the Fort Pillow Sand is a faciestransitional boundary consisting of silt or clay interfingering with sand over short distances.
The altitude of the base of the Fort Pillow Sand is shown on plate 4. This structure-contour map is based on interpretation and correlation of 32 geophysical logs (table 2). The base of the Fort Pillow Sand probably overlies an erosion surface on the underlying Old Breastworks Formation that seems to be of low to moderate relief based on available geophysical-log control. For example, at the Shaw well field, relief on this contact may be as much as 30 feet. The contact between the Fort Pillow Sand and the underlying Old Breastworks Formation is distinctly recognizable on geophysical logs because of the contrast in formation characteristics caused by sand in the lower part of the Fort Pillow Sand overlying clay or silt in the upper part of the Old Breastworks Formation.
Structure-contour maps of the top and base of the Fort Pillow Sand were prepared assuming a relatively constant strike and dip for the formation, particularly where control was sparse. This strike and dip is similar to the regional strike and dip of the base of the Fort Pillow Sand in western Tennessee shown on the structure-contour maps of Parks and Carmichael (1989) . Accuracy of these maps is estimated to be about one-half a contour interval (25 feet) to one-contour interval (50 feet), depending on the proximity of wells providing geophysical-log control. These structure-contour maps (plates 3 and 4) are considered to show an "average" representation of the configuration of these surfaces. Locally, contour lines may not strictly honor each control point because facies changes or erosional relief would cause considerable irregularities in the mapped surface. At these places an "average" value was used for control.
Faults
Faults (or fault zones) identified during this investigation generally have northeast-southwest and northwest-southeast strikes (plates 1-4). Orientations of the faults are similar to surface lineations mapped during previous studies (Fisk, 1944; Stearns and Wilson, 1972) , but most fault locations do not coincide with lineation locations. The faults identified during this investigation are interpreted as normal faults, but it is possible that some have a component of strike-slip movement. Vertical displacement along the faults identified generally ranges from about 50 to 150 feet. Most of the faults displace both the Memphis Sand and Fort Pillow Sand (plate 5).
A few faults displace the base and top of the Fort Pillow Sand and the base of the Memphis Sand (plates 1-5) but do not displace the top of the Memphis Sand (for example, the fault north of Arlington), and displacement along most faults diminishes upward in the section. This diminished displacement indicates that movement on these faults decreased or ceased sometime during deposition of the Memphis Sand, or that displacement is small and is not detectable based on available geophysical-log control. The fault south of Millington displaces the Memphis Sand and the top of the Fort Pillow Sand, but it does not seem to displace the base of the Fort Pillow Sand. This apparent lack of displacement may be related to relief on the erosional surface at the base of the Fort Pillow Sand or to test holes that pass through the plane of a normal fault.
Identification of faults that displace the formations of Tertiary age in the Memphis area is difficult because these formations are covered by surficial deposits of Quaternary age (table 1) throughout most of the area, and faults generally cannot be observed in outcrops. Interpretation of the geologic structure is further complicated by the nature of the boundaries between the formations of Tertiary age and the limited number of wells that reach the base of the Fort Pillow Sand.
Because of the absence of a reliable stratigraphic marker in the sediments of Tertiary age, the geologic structure of the principal aquifers in the Memphis area is based on correlations of facies-transitional boundaries and erosion surfaces that can be difficult to identify. Anomalies in the altitude of one of these boundaries or surfaces might be caused by depositional features, or by miscorrelation of the contact on the geophysical log of a test hole, rather than displacement by a fault. Therefore, identifications of most faults are based primarily on recognition of comparable amounts of displacement at the tops and bases of the Memphis and Fort Pillow Sands, and displacements of these contacts that follow areal traces or lineations. Small variations in the altitudes of the tops and bases of the formations were not considered to be fault related.
Identification of faults during this investigation is highly interpretive and is subject to revision as new information becomes available. Locations and strikes of most of the faults identified are only approximate and are subject to reinterpretation.
RELATION OF FAULTS TO INTERAQUIFER LEAKAGE
Leakage (or interchange of ground water) between the water-table aquifers and the Memphis aquifer in the Memphis area has been documented in previous reports (Graham and Parks, 1986; Parks, 1990) . The Cook Mountain Formation directly overlies the Memphis Sand and is the most widespread and persistent clay layer in the confining unit. Faults with displacements greater than the thickness of the Cook Mountain Formation could juxtapose sand and gravel in the water-table aquifers and sand in the Cockfield Formation with sand in the Memphis aquifer. This juxtaposition of sand and gravel or sand locally could provide "pathways" for downward leakage.
No areas were identified during this investigation where faults have displaced the Cook Mountain Formation so that sand and gravel in water-table aquifers or sand in the Cockfield Formation are in direct contact with sand in the Memphis aquifer. Displacements along most of the faults decrease upward to amounts less than the thickness of the Cook Mountain Formation, which averages about 70 feet in most of the Memphis area. However, disrupted (or "brecciated") semi-consolidated sediments along fault planes (or fault zones) locally could provide areas where leakage to the Memphis Sand might occur.
Faults identified during this investigation are shown related to previously identified areas where the upper confining unit of the Memphis aquifer is thin or absent (Parks, 1990) (fig. 2) . Relative uplift of blocks bounded by faults may have resulted in erosion of the confining unit, creating windows ( fig. 2) where the water-table aquifers may directly overlie the Memphis aquifer. The shape and size of these windows may also be controlled by faults. For example, the window between Sheahan and Lichterman well fields is cut by a northeast trending fault ( fig. 2 ). This fault may limit the extent of the window, and the western boundary of the window may be coincident with the fault.
Faults with displacements more than the thickness of the Flour Island Formation, the upper confining unit of the Fort Pillow aquifer, could juxtapose sand in the Memphis aquifer with sand in the Fort Pillow aquifer. This condition locally could provide "pathways" for leakage between these aquifers. Leakage between the Memphis aquifer and the Fort Pillow aquifer as a result of fault displacement of the Flour Island Formation probably is unlikely, except along fault planes or zones. The Flour Island Formation ranges from 140 to 310 feet in thickness, and most of the faults identified have displacements that range from 50 to 150 feet. Consequently, displacement of the Memphis Sand and the Fort Pillow Sand in most of the Memphis area is not great enough to juxtapose sands in the Memphis aquifer and sands in the Fort Pillow aquifer.
SUMMARY AND CONCLUSIONS
The U.S. Geological Survey conducted an investigation from 1990 to 1992 to describe the hydrogeology and geologic structure of the principal aquifers in the Memphis area. Interpretations of more than 500 electric and natural gamma-ray logs were used to make stratigraphic correlations of the geologic formations and to prepare structure-contour maps and geologic sections.
Geologic units examined in detail during this investigation are the Memphis Sand and the Fort Pillow Sand of Tertiary age. These formations make up the Memphis aquifer and the Fort Pillow aquifer, which are the principal aquifers in the Memphis area providing ground water for most domestic, commercial, industrial, and municipal supplies. The Memphis Sand consists of a thick deposit of fine to very coarse sand with lenses of clay, silt, and lignite at various stratigraphic horizons. The Fort Pillow Sand consists primarily of fine to medium or medium to coarse sand with minor lenses of clay and silt. Formation are in direct contact with sand in the Memphis aquifer. However, relative uplift of blocks bounded by faults may have resulted in erosion of the confining unit creating windows where the water-table aquifers may directly overlie the Memphis aquifer, and a potential exists for downward leakage of water from the water-table aquifers into the Memphis aquifer. The shape and size of these windows may also be controlled by faults.
Available geophysical logs do not indicate any areas where faults have resulted in the Memphis Sand and the Fort Pillow Sand being in juxtaposition. Such positioning would provide direct hydraulic connection for the interchange of ground water between the Memphis aquifer and the Fort Pillow aquifer. (-572) 148 1,051 (-733) 149 
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